Agonist-induced activation of Rho GTPase signaling leads to endothelial cell (EC) permeability and may culminate in pulmonary edema, a devastating complication of acute lung injury. Cingulin is an adaptor protein first discovered in epithelium and is involved in the organization of the tight junctions. This study investigated the role of cingulin in control of agonist-induced lung EC permeability via interaction with RhoA-specific activator GEF-H1. The siRNA-induced cingulin knockdown augmented thrombin-induced EC permeability monitored by measurements of transendothelial electrical resistance and endothelial cell permeability for macromolecules. Increased thrombin-induced permeability in ECs with depleted cingulin was associated with increased activation of GEF-H1 and RhoA detected in pulldown activation assays. Increased GEF-H1 association with cingulin was essential for down-regulation of thrombin-induced RhoA barrier disruptive signaling. Using cingulin-truncated mutants, we determined that GEF-H1 interaction with the rod ؉ tail domain of cingulin was required for inactivation of GEF-H1 and endothelial cell barrier preservation. The results demonstrate the role for association of GEF-H1 with cingulin as the mechanism of RhoA pathway inactivation and rescue of EC barrier after agonist challenge.
The serine protease thrombin triggers blood coagulation, but it also directly increases pulmonary EC permeability and plays a major role in the pathogenesis of brain and pulmonary edema (10, 11) by activating the RhoA GTPase signaling cascade (12, 13) . Activated RhoA, via its effector, Rho-associated kinase (Rho kinase), induces assembly of stress fibers and focal adhesions (14 -16) . Rho kinase may directly catalyze myosin light chain (MLC) phosphorylation or act indirectly via inactivation of myosin light chain phosphatase (MYPT1) by phosphorylation at Thr 695 , Ser 894 , and Thr 850 (13, 17) . Together, these mechanisms cause actomyosin stress fiber formation, MLC phosphorylation, and cell contraction, leading to increased EC permeability. Agonist-induced vascular EC permeability is a reversible process. However, mechanisms of local regulation of barrier-disruptive RhoA signaling and barrier dysfunction remain incompletely understood. Guanine nucleotide exchange factor H1 (GEF-H1) exhibits Rho-specific activity (18) and may localize on microtubules (18) or at cell-cell junctions (19) . In a microtubule-bound state, the guanine-exchange activity of GEF-H1 is suppressed. GEF-H1 release from microtubules stimulates Rho-specific GEF activity (20) . In contrast, GEF-H1 targeting to the tight junctions (TJ) in polarized kidney epithelial cells was associated with down-regulation of RhoA signaling (19) . Tight junctions consist of transmembrane proteins occludin and claudin, which interact with the intracellular proteins zonula occludens (ZO), afadin, cingulin, and others (21, 22) .
Cingulin is a protein localized in the cytoplasmic compartment of the TJ in epithelial and endothelial cells and is involved in TJ reassembly (23) . The cingulin forms a parallel homodimer of two 140-kDa subunits, each comprising a globular Head domain, a coiled-coil "rod," and a small globular tail (24) . The cingulin Head domain interacts with TJ structural proteins ZO-1, ZO-2, ZO-3, myosin, and afadin, the protein interacting with both tight junctions and adherens junctions (24 -26) . Although early studies suggested a role of cingulin in epithelial tight junction formation due to its role in sequestration of GEF-H1 and inhibition of RhoA signaling (27) , later studies suggested that cingulin is not directly required for the formation of tight junctions and epithelial polarity of the Madin-Darby canine kidney epithelial cell line (28, 29) . Cingulin involvement in the regulation of the Rho pathway of agonist-induced vascular EC permeability remains unexplored. This study tested the hypothesis that increased cingulin interaction with GEF-H1 after stimulation with barrier-disruptive agonists is required for down-regulation of Rho signaling and preservation of the EC barrier.
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Results
Down-regulation of Cingulin Augments Thrombin-induced Endothelial Barrier Disruption-Roles of cingulin in the maintenance of basal barrier properties of the pulmonary EC monolayer and in permeability changes in response to barrier-disruptive agonist stimulation were evaluated in experiments with siRNA-induced cingulin knockdown. Studies in canine kidney epithelial cells did not show significant effects of cingulin overexpression on TJ formation and epithelial polarity under basal conditions (28) . Previous studies on Madin-Darby canine kidney cell monolayers looked at the effect of cingulin KO/depletion on transepithelial electrical resistance (27, 30) . In human pulmonary ECs, introduction of cingulin-specific siRNA did not affect basal levels of transendothelial electrical resistance (TER) in comparison with cells transfected with nonspecific RNA. Basal TER levels were 981 Ϯ 62 ohm for HPAEC transfected with non-specific-RNA and 964 Ϯ 91 ohm for ECs transfected with cingulin-specific siRNA. Measurements of TER changes over 60 h after transfection did not reveal significant difference between control and cingulin-depleted ECs (Fig. 1A) . Knockdown efficiency was monitored by Western blotting analysis of cingulin protein content in cell lysates ( Fig. 1A) .
In turn, EC stimulation with sub-maximal concentration of edemagenic agonist thrombin caused rapid decline in TER reflecting EC barrier compromise. This effect was exacerbated in EC monolayers with depleted cingulin. Cingulin knockdown in these experiments was achieved by EC transfection with a pool of four cingulin-specific siRNAs ( Fig. 1B, left panel) or two additional single cingulin-specific siRNAs ( Fig. 1B , right panel), as described under "Experimental Procedures." Basal TER values in nonspecific RNA controls and cingulin-depleted ECs were 1371 Ϯ 156 and 1297 Ϯ 183 ohm, respectively. Cingulin knockdown compromised recovery of EC barrier after thrombin challenge, as compared with thrombin-stimulated ECs without cingulin knockdown.
Visualization of EC monolayer permeability for macromolecules using FITC-labeled avidin as tracer (see "Experimental Procedures") confirmed the results of TER measurements and demonstrated augmented permeability response to thrombin in ECs with cingulin knockdown (Fig. 1C ). The quantitative analysis of thrombin-induced EC permeability for FITC-labeled avidin was performed by fluorimetric measurements of control and thrombin-stimulated ECs grown in 96-well plates after addition of FITC-labeled avidin (Fig. 1D ). The results show augmented permeability response to thrombin in ECs with depleted cingulin.
Analysis of thrombin-induced remodeling of actin cytoskeleton and cell junctions, developed after 5 min of thrombin treatment (acute phase), showed increased stress fiber formation and paracellular gap formation in ECs with cingulin knockdown ( Fig. 2A ). Quantitative analysis of paracellular gaps in non-stimulated and thrombin-stimulated ECs (Fig. 2B ) showed that cingulin knockdown did not affect the overall number of gaps observed in basal conditions, but it markedly increased the total area of paracellular gaps formed after thrombin challenge. These effects were accompanied by disruption of VE-cadherin-positive adherens junctions in ECs with cingulin knockdown, as compared with cells treated with nonspecific RNA (Fig. 2C ).
Dynamic actin cytoskeleton remodeling is critical to formation of cell protrusions, re-establishment of cell-cell contacts, and EC monolayer integrity. LifeAct, a 17-amino acid peptide, interacts with F-actin structures in eukaryotic cells, does not interfere with actin dynamics, and has been widely used to track down actin cytoskeletal remodeling in live cells (31) . We used ECs expressing GFP-tagged LifeAct to visualize the effect of cingulin knockdown on the cytoskeletal dynamics during EC barrier recovery after thrombin challenge. Monitoring of neighbor cells expressing GFP-LifeAct using time-lapse live imaging microscopy showed that thrombin induced rapid disruption of cell-cell contacts and formation of intercellular gaps. It was seen as early as 1 min after thrombin challenge followed by re-establishment of cell junctions and resealing of intercellular gaps by 8 -10 min after thrombin stimulation ( Fig. 3 , upper panels). In contrast, disruption of cell-cell contacts caused by thrombin was not recovered in ECs with cingulin knockdown ( Fig. 3 , lower panels).
Cingulin Modulates Thrombin-induced GEF-H1 and Rho Activation and Associates with GEF-H1-Previous reports described RhoA-specific guanine nucleotide exchange factor GEF-H1 as a cingulin-binding partner in epithelial cells (32, 33) . Activation of the RhoA pathway is a major mechanism of thrombin-induced pulmonary EC permeability (34) . The following experiments tested the involvement of cingulin in thrombin-induced activation of the GEF-H1-RhoA pathway. We used three distinct cingulin-specific siRNA sets as follows: a pool of four cingulin-specific siRNAs and two additional cingulin-specific single RNAs to achieve cingulin knockdown.
Cingulin knockdown increased GEF-H1 activation by thrombin, which was measured in pulldown assays with mutated RhoA interacting with activated GEF (Fig. 4A ). Additional GEF-H1 activation in ECs with cingulin knockdown led to increased activation of RhoA ( Fig. 4B ) and phosphorylation of the Rho kinase downstream target, myosin light chains ( Fig. 4C ).
Experiments with reciprocal co-immunoprecipitation of endogenous GEF-H1 and cingulin from non-transfected pulmonary ECs showed that thrombin stimulation induced timedependent and reversible association of endogenous cingulin and GEF-H1, which reached a peak at 15 min and returned to basal levels by 60 min post-thrombin ( Fig. 4D) , the time corresponding to the point of EC barrier restoration ( Fig. 1B) .
Analysis of Cingulin Domains Interacting with GEF-H1-Cingulin has a domain structure represented by three major domains as follows: a globular 49-kDa N-terminal Head region (amino acids 1-346), a central 105-kDa coiled-coil Rod region (amino acids 347-1155), and a C-terminal 4-kDa Tail (amino acids 1156 -1203) (35) . Characterization of cingulin domains involved in cingulin/GEF-H1 interaction and their role in agonist-induced EC permeability was performed in the next experiments. Interaction of endogenous GEF-H1 with recombinant c-Myc-tagged full-length cingulin or its domains ectopically expressed in pulmonary ECs was further evaluated in immunoprecipitation studies and pulldown assays from human pulmo-nary ECs with ectopic expression of recombinant cingulin variants or GEF-H1.
We expressed in pulmonary ECs the c-Myc-tagged fulllength cingulin, the cingulin rod ϩ tail (R ϩ T) or cingulin Head domains, and we examined their association with endogenous GEF-H1 under non-stimulated conditions. Co-immunoprecipitation assays showed increased association of endogenous GEF-H1 with cingulin full-length and R ϩ T domains ( Fig. 5A ). Reciprocal co-immunoprecipitation assays with GEF-H1 antibodies confirmed GEF-H1 association with full-length and R ϩ T cingulin domain, but not with the Head domain ( Fig. 5B ). Ectopic expression of recombinant cingulin variants in human pulmonary ECs was verified by Western blotting analysis of total cell lysates with c-Myc antibody ( Fig. 5B, right panel) . The direct nature of cingulin/GEF-H1 interaction was confirmed in the study by Aijaz et al. (32) , which showed a direct binding of recombinant His 6 -pleckstrin homology domain of GEF-H1 to a GST fusion with cingulin residues 782-1025, within the coiledcoil domain. The next experiments investigated the functional role of cingulin/GEF-H1 interactions and their physiological regulation.
GEF-H1 under basal conditions associates with microtubules, whereas microtubule disassembly causes GEF-H1 release to the cytoplasm and its activation (20) . We used this GEF-H1 property to test whether free GEF-H1 released to the cytosol interacts with bacterially expressed purified cingulin. We FIGURE 1. Cingulin knockdown exacerbates thrombin-induced EC hyperpermeability. Human lung ECs were transfected with a 200 nM pool of four cingulin-specific siRNAs (si-CGN), two single cingulin-specific siRNAs (si-CGN1 and si-CGN2), or nonspecific (ns) RNA. A, measurements of TER were performed in unstimulated ECs over time. siRNA-induced cingulin protein depletion was confirmed by Western blotting. B, at the time point indicated by the arrow, control or cingulin-depleted ECs were stimulated by thrombin (0.1 unit/ml), and TER measurements were performed over time. Results are representative of four independent experiments. C and D, cells grown on glass coverslips (C) or 96-well plates (D) with immobilized biotinylated gelatin (0.25 mg/ml) were stimulated with vehicle (Veh) or thrombin (Thr) for 10 min followed by addition of FITC-avidin (25 g/ml, 3 min). Unbound FITC-avidin was removed, and FITC fluorescence signal was visualized by fluorescence microscopy; bar, 5 m (C). Alternatively, fluorimetric analysis of the FITC fluorescence signal in control and agonist-stimulated ECs plated in 96-well microplates was performed using the Victor X5 multilabel plate reader (see "Experimental Procedures"). Normalized data are expressed as means Ϯ S.D.; n ϭ 5, *, p Ͻ 0.05 (D). AU, arbitrary units.
expressed full-length GST-tagged cingulin in the bacterial system and conjugated it with agarose beads. Analysis of the cingulin/GEF-H1 interaction was performed by pulldown of endogenous GEF-H1 from lysates of pulmonary ECs stimulated with thrombin known to cause partial microtubule disassembly and from cells stimulated with nocodazole causing total microtubule disassembly (36) . The results show increased immobilization of GEF-H1 on cingulin-conjugated beads from thrombin-stimulated EC lysates and more robust immobilization of GEF-H1 from the cell lysates of nocodazole-treated cells (Fig.  6A) . These results strongly suggest that the interaction of recombinant bacterially expressed cingulin with GEF-H1 correlates with the amount of free cytosolic GEF-H1.
To investigate whether the GEF-H1 activated state is important for GEF-H1/cingulin interaction, we co-expressed cingulin with GEF-H1 wild type, dominant-negative, or constitutively activated mutants in pulmonary ECs. Co-immunoprecipitation assays using c-Myc antibody showed strong association of c-Myc-tagged cingulin with wild type and constitutively activated GEF-H1, but not with dominant-negative GEF-H1 mutant ( Fig. 6B ). Of note, we observed more robust cingulin interaction with constitutively activated GEF-H1 with deleted microtubule-binding domain, as compared with full-length GEF-H1. Control immunoblotting analysis of the levels of recombinant GEF-H1 variants in total cell lysates showed comparable levels of protein expression (Fig. 6B, bottom panel) .
Finally, pulldown assays using immobilized bacterially expressed full-length GEF-H1 and lysates from pulmonary ECs expressing cingulin mutants showed GEF-H1 interactions with cingulin full-length and R ϩ T variants but not with the Head domain ( Fig. 6C ). Taken together, these results demonstrate that cingulin interacts with GEF-H1 via its R ϩ T domain, and this interaction increases under thrombin-stimulated conditions. This interaction is further enhanced by the GEF-H1activated state.
Cingulin R ϩ T Domain Attenuates Thrombin-induced Activation of GEF-H1-RhoA Signaling and EC Permeability-Functional role of cingulin/GEF-H1 interactions in modulation of Rho signaling and EC responses to vasoactive agonists was further evaluated in experiments with ectopic expression of cingulin-truncated mutants in pulmonary ECs.
Analysis of GEF-H1 activation in ECs expressing cingulin Head domain showed time-dependent increase in GEF-H1 activity caused by thrombin stimulation. In contrast, expression of cingulin R ϩ T domain inhibited thrombin-induced GEF-H1 activation (Fig. 7A ). In agreement with the effects on thrombin-induced GEF-H1 activation, expression of cingulin R ϩ T domain suppressed thrombin-induced activation of RhoA ( Fig. 7B ) and phosphorylation of Rho kinase effectors, myosin light chain phosphatase (MYPT1) and MLC (Fig. 7C ). These inhibitory effects on thrombin-induced Rho signaling were not observed in ECs with ectopic expression of cingulin Head domain.
Effects of expression of cingulin R ϩ T and Head domains on thrombin-induced permeability and cytoskeletal remodeling were further examined by measurements of transendothelial electrical resistance and immunofluorescence studies. Basal TER values in non-transfected controls, cells expressing head and R ϩ T domains were 1056 Ϯ 78, 1103 Ϯ 154, and 1131 Ϯ 177 ohm, respectively. In contrast to non-transfected ECs and cells expressing the cingulin Head domain, expression of cingulin R ϩ T mutant abolished EC permeability response to thrombin (Fig. 8A) . Consistent with the observed attenuation of thrombin-induced EC barrier dysfunction, ectopic expression of the cingulin R ϩ T domain attenuated thrombin-induced F-actin stress fiber formation. In contrast, expression of cingulin Head domain did not affect F-actin arrangement in the ECs stimulated with thrombin ( Fig. 8B ).
Discussion
This study provides the first evidence of a direct role for cingulin in dynamic regulation of agonist-induced pulmonary EC permeability and describes the mechanism of EC barrier regulation by cingulin. Cingulin was first discovered as a protein localized at the cytoplasmic surface of tight junctions in intestinal epithelial cells (37) and later identified in vascular endothelial cells (38) . Studies in kidney epithelial cells showed that cingulin gene disruption did not affect TJ formation, epithelial polarity, or maintenance of TJ organization (30) . However, cingulin was shown to interact with GEF-H1 and reduce GEF-H1 basal activity in vitro (32, 33) . Despite the exciting findings that cingulin may be involved in controlling Rho activity, a functional role of cingulin in the regulation of EC permeability by vasoactive agonists has not yet been identified.
A recent study (39) has described cingulin expression in human lung, brain, and skin endothelial cells. Cingulin overexpression in cultured ECs induced TJ formation and strengthened the endothelial barrier, although cingulin knock-out only minimally increased basal EC permeability to low molecular weight tracers, without affecting basal permeability to high molecular weight molecules (39) . These results are consistent with our data showing no significant differences in basal macromolecular permeability between control and cingulin knockdown ECs. This study further demonstrates that cingulin knockdown increased thrombin-induced disruption of cell junctions and permeability response in pulmonary ECs, which was monitored by measurements of transendothelial electrical resistance and direct analysis of EC monolayer permeability for FITC-avidin. In live imaging experiments, cingulin knockdown exacerbated thrombin-induced actin stress fiber formation and disruption of adherens junctions. Resealing of junctions ( Fig. 3) in those experiments occurred by 8 -10 min after thrombin addition in control but not si-CGN cells. The TER measurements in Fig. 1B show a recovery of the TER after 30 min. These differences in timing may be explained by the fact that primary EC cultures, in contrast to immortalized cell lines, exhibit natural variability of cell responses, including recovery times. Therefore, the most useful comparisons are those made within the same experiment between control and stimulated conditions. Also, the timing of cytoskeletal remodeling observed in single cells may not exactly reflect the timing of general permeability response by the cell monolayer. For this reason, the timing of morphological experiments and experiments with TER measurements may be not an exact match. The effects of cingulin depletion on cell response to thrombin were linked to augmented GEF-H1 and RhoA activation in thrombin-acti-vated pulmonary ECs with cingulin knockdown, suggesting a predominant signaling role, rather than a structural role for cingulin in the agonist-induced control of EC barrier.
Pulldown studies using affinity-purified cingulin domains expressed in the bacterial system or cingulin domains ectopically expressed in the primary human lung endothelial cells revealed cingulin R ϩ T domain as a GEF-H1-binding domain involved in negative regulation of GEF-H1 activity. Expression of R ϩ T domain attenuated thrombin-induced activation of GEF-H1 and Rho and alleviated thrombin-induced EC monolayer disruption and hyper-permeability. These results complemented experiments with cingulin knockdown and further supported the role of cingulin as a molecular brake of agonistinduced RhoA activation. Overexpression of R ϩ T cingulin mutant did not significantly affect basal RhoA activity levels ( Fig. 7) but suppressed thrombin-induced RhoA activation. As a negative regulator of RhoA signaling, cingulin acts by suppressing the activity of GEF-H1, which is one of several GEFs regulating RhoA (40) . Because GEF-H1 plays a major role in thrombin-induced Rho activation, its inhibition by the cingulin mutant has a dramatic effect on thrombin-induced permeability. However, other instances of Rho activation may engage other GEFs, and the role of cingulin in those conditions may not be as dramatic as in thrombin-stimulated conditions. We also cannot exclude other functions of cingulin in vascular ECs, such as a structural role in regulation of tight junction integrity. We did not observe significant effects of cingulin depletion on cell morphology or basal permeability in ECs isolated from pulmonary large vessels. However, the structural role of tight junctions in permeability control becomes increasingly important in microvascular compartments, specifically in brain capillary beds, where tight junctions are believed to play a major role in mass transport control (9) .
The direct analysis of GEF-H1 activation in this study unequivocally showed GEF-H1-specific mechanism of Rho regulation by cingulin in thrombin-stimulated endothelial cells. In addition to GEF-H1, cingulin has been reported to interact with another Rho-specific GEF, p114RhoGEF, in certain types of epithelial cells (41) . Whether cingulin harbors more than one Rho-specific GEF in vascular ECs and whether this interaction has functional implications remain to be investigated.
It is possible that after EC stimulation with agonists, such as thrombin, causing microtubule destabilization, GEF-H1 is released from microtubules and triggers a barrier-disruptive Rho pathway (42) . At this point, released GEF-H1 becomes accessible to cingulin, and this interaction leads to inhibition of GEF-H1 nucleotide exchange activity. These events lead to Rho inactivation and recovery of the endothelial barrier. The transient nature of agonist-induced cingulin-GEF-H1 association strongly suggests additional regulatory mechanisms of cingulin/GEF-H1 interactions, possibly via post-translational modi-fication of cingulin, GEF-H1, or both proteins. These remaining questions warrant further investigation.
Restoration of integrity of endothelial and epithelial monolayers is also regulated by other mechanisms. For example, thrombin stimulation of vascular ECs causes barrier disruption, but it simultaneously triggers auto-recovery mechanisms by activating Rap1-Rac1-dependent down-regulation of Rho signaling, stimulation of peripheral cytoskeletal dynamics, and resealing of intercellular gaps (43) . Other mechanisms involve activation of the negative regulator of RhoA, p190RhoGAP, at cell junctions and focal adhesions (44, 45) , or cell junction-restricted activation of Rac1-specific GEF Trio in epithelial monolayers (23) . The abundance of negative feedback of Rho regulation mechanisms in vascular ECs, including the GEF-H1-cingulin axis, emphasizes a critical role for small GTPase activity switch as a part of biphasic vascular endothelial permeability response to a variety of vasoactive stimuli, which ensures dynamic regulation of EC barrier in vivo.
In conclusion, the results of this study demonstrate for the first time a functional role of cingulin in the regulation of agonist-induced vascular endothelial permeability by the mechanism, which involves interaction of the cingulin R ϩ T domain with RhoA activator GEF-H1 leading to down-regulation of the GEF-H1/RhoA signaling pathway and initiation of EC barrier restoration. Augmentation of thrombin-induced Rho activation and EC permeability by molecular inhibition of cingulin suggests its role as an important modulator of Rho signaling in vascular ECs, which may be essential for fine-tuning of permeability responses to various bioactive molecules.
Experimental Procedures
Cell Culture and Reagents-HPAECs were obtained from Lonza (East Rutherford, NJ) and used for experiments at passages 5-7. Texas Red-conjugated phalloidin (catalog no. T7471, lot no. 983923) was from Invitrogen; Alexa Fluor 488 antimouse (A11029, lot 1550911) and anti-rabbit (A11034, lot 1531670) were obtained from Molecular Probes (Eugene, OR). Antibodies to cingulin (sc-365264, lot 63014), GST (sc-138, lot I1009), RhoA (sc-179, lot J0113), VE-cadherin (sc-9989, lot B2310), and c-Myc tag (sc-40, lot B1115) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to phospho-MYPT1 (36-003, lot 2474979) were from Millipore (Billerica, MA); antibodies to phospho-MLC (3674, lot 5) were obtained from Cell Signaling (Beverly, MA). Unless otherwise specified, all biochemical reagents, including ␤-actin antibody (A5441, lot 064M4789V), were obtained from Sigma.
siRNA and DNA Transfections-For pre-designed standard purity cingulin-specific siRNAs, a set of four (E-014025-00, Homo sapiens; sequences: A-014025-13, GCAAUAAGCUGA-UAGAUGG; A-014025-14, CCUCUAGCACAAAAUAUGA; A-014025-15, CUCUCAGGUCAAGGGAUUU; and A-014025-16, GGACCAGGGUGAAGAUUUA) and two additional siRNAs, cingulin1, J-014025-11 (sequence: AGGGGAAUGU-UAUGGGUAA) and cingulin2, J-014025-10 (sequence: GCA-GAGAACAAGAAGCGUU), were ordered from Dharmacon (Lafayette, CO). Transfection of ECs with siRNA was performed as described previously (46) . Typically, the efficiency of siRNA transfection exceeds 80%, as tested in our previous reports (47, 48) . The pooled data from Western blotting analyses of cingulin knockdown efficiency in different experiments did not reveal significant differences between all tested siRNAs and resulted in 83.3 Ϯ 11.0, 84.7 Ϯ 10.1, and 86.1 Ϯ 7.6% decrease in protein expression for cingulin1, cingulin2, and CGN pool, respectively. Nonspecific and non-targeting RNA was used as a control treatment (D-001210-01, sequence: UAG-CGACUAAACACAUCAA). After 72 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. Plasmids encoding human enhanced GFP-tagged GEF-H1 full-length (1-894), constitutively active (1-572), and dominant-negative (DH mutant) mutants have been described previously (20) . Plasmid encoding GFP-tagged LifeAct was provided by L. Phillipson (University of Chicago, IL). Plasmids encoding Myc-tagged full-length cingulin and deletion mutants were provided by S. Citi (University of Geneva, Switzerland) and used for transient transfections according to the protocols described previously (42, 46) . After 24 h of transfection, cells were treated with the agonist of interest and used for experiments.
Measurement of Endothelial Permeability-The cellular barrier properties were analyzed by measurements of TER across confluent human pulmonary artery endothelial monolayers using an electrical cell-substrate impedance sensing system (Applied Biophysics, Troy, NY) as described previously (36, 42) . Variations in absolute TER basal resistance are typical for this type of experiment and depends on the EC growth rate and time in cell culture. Importantly, comparisons between experimental groups discussed in this work were always done using the (49) is and currently available from Millipore (Vascular Permeability Imaging Assay, catalog no. . This assay is based on high affinity binding of avidin-conjugated FITC-labeled tracer to the biotinylated extracellular matrix proteins immobilized on the bottom of culture dishes after the EC barrier is compromised by treatment with a barrier-disruptive agonist. XPerT permeability assays were performed in 96-well plates, and fluorimetric analysis of the FITC-labeled tracer reflecting EC monolayer permeability for macromolecules was performed using the Victor X5 multilabel plate reader (PerkinElmer Life Sciences). Alternatively, visualization of EC monolayer permeability was performed in HPAECs plated on glass coverslips coated with biotinylated gelatin followed by agonist stimulation, incubation with FITC-avidin tracer, fluorescence microscopy, and imaging analysis as described previously (49, 50) .
Imaging Studies-Endothelial monolayers plated on glass coverslips were subjected to immunofluorescence staining as described previously (51) . Texas Red phalloidin was used to visualize F-actin. VE-cadherin antibody was used to visualize adherens junctions. Slides were analyzed using a Nikon video imaging system (Nikon, Tokyo, Japan). Images were processed with ImageJ software (National Institutes of Health, Bethesda, MD) and Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) software. Quantitative analysis of paracellular gap formation was performed as described previously (42, 52) . For live cell imaging and time-lapse tracking of actin dynamics, cells were plated on MatTek dishes (MatTek, Ashland, MA) and transfected with GFP-LifeAct. Images were acquired with ϫ100 NA 1.45 oil objective in a 3I Marianas Yokogawa-type spinning disk confocal system equipped with a CO 2 chamber and a heated stage. Time-lapse images were taken with 15-s intervals for 15 min.
Pulldown Assays-GST-tagged cingulin or GEF-H1 in pGEX vector was used for bacterial expression in BL21-AI Escherichia coli strain. GST fusion proteins were isolated (53) using glutathione resin (Clontech) and stored as a 50% glycerol slurry. After stimulation with agonist, endothelial monolayers were washed with PBS and incubated on ice for 15 min with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, and 10% glycerol) supplemented with protease (catalog no. 04693159001) and phosphatase (catalog no. 04906837001) inhibitor mixtures (Roche Applied Science). Lysate was clarified by centrifugation and incubated with glutathione resin loaded with GST-tagged proteins (2 h, 4°C). Then, the resin was collected by centrifugation and washed three times with lysis buffer, and an amount of the protein of interest bound to the beads was evaluated by Western blotting analysis. Activation of RhoA GTPase in pulmonary endothelial cell culture was analyzed using GTPase in vitro pulldown assay kit available from Millipore (Billerica, MA). Active GEF-H1 was affinity precipitated from cell lysates using the RhoA(G17A) mutant, which cannot bind nucleotide and therefore has high affinity for activated GEFs (54) .
Immunoprecipitation and Western Blotting-After agonist stimulation, cells were washed in cold PBS and lysed on ice with cold TBS/Nonidet P-40 lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40) supplemented with protease and phosphatase inhibitor mixtures (Roche Applied Science). Clarified lysates were then incubated with corresponding antibodies overnight at 4°C, washed 3-4 times with TBS/Nonidet P-40 lysis buffer, and the complexes were analyzed by Western blotting using appropriate antibodies. Protein extracts were separated by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membrane, and probed with specific antibodies. Equal protein loading was verified by re-probing membranes with antibody to ␤-actin or specific protein of interest. Equal protein loading of samples was confirmed by measurements of protein concentration in cell lysates before SDS-PAGE and Western blotting analysis.
Statistical Analysis-Results are expressed as means Ϯ S.D. of three to five independent experiments. Stimulated samples were compared with controls by unpaired Student's t tests. For multiple-group comparisons, a one-way variance analysis followed by the post hoc Fisher's test were used. p Ͻ 0.05 was considered statistically significant.
